CD154 is a cell surface molecule expressed on activated T cells that binds to CD40, an activating molecule on APCs. Its blockade has been shown to prevent allograft rejection, presumably by interrupting interactions between T cells and APCs. It is known that activated human platelets express and shed CD154 and can induce APC activation and other immune processes in vitro. Here we show that platelet-derived CD154 is sufficient to initiate cardiac allograft rejection independent of any cellular source of this molecule. CD154-KO mice reject cardiac allografts after receiving CD154-expressing human platelets or recombinant CD154 (rCD154) trimers. Treatment with the human CD154-specific mAb 5c8 specifically prevents this induced rejection. Soluble trimers, but not platelets, induce rejection when infused temporally remote from the surgical procedure, suggesting that surgically induced platelet activation is required for CD154 release. Allograft rejection can thus be instigated by activated platelets through CD154. These data implicate platelets as a proximal component of acquired alloimmunity, providing insight into the mechanisms of allograft rejection and the physiological response to trauma in general.
Introduction
CD154 is a 33-kDa type II transmembrane protein originally identified on activated T cells as the ligand for CD40, a molecule promoting B cell and APC activation (1) . CD154 has been shown to play a critical role in the generation of alloimmune responses. Specifically, treatment with CD154-specific mAbs prevents acute allograft rejection in both murine and nonhuman primate models, presumably by blocking T cell interactions with APCs expressing CD40 (2-7). However, CD154-directed therapy has also been shown to require high levels of antibody to achieve an effect, greatly exceeding those typically required of antibodies targeting T cell activation markers (8) . Furthermore, unlike antibody therapy directed toward T cell molecules, treatment with CD154-specific antibodies has been associated with thromboembolic complications (9) .
It has been recently shown that human platelets contain preformed CD154 and express and shed this molecule upon activation (10) . Both cell-surface-bound and soluble forms of CD154 exist as homotrimers (11, 12) , and soluble platelet-derived CD154 has been shown to mediate endothelial and APC activation in vitro (10, (13) (14) (15) . Indeed, CD154 cleaved and released in soluble form after platelet activation has been considered a major source of circulating CD154 (16) . Furthermore, soluble CD154 has increasingly been associated with adverse inflammatory conditions in humans, including lupus and acute coronary syndrome (17, 18) . To date, however, there has been no direct evidence in vivo that soluble CD154 can mediate pathological immune responses independent of cell-bound CD154.
Organ transplantation is, by necessity, associated with surgical trauma. Given that biologically active CD154 is present in platelets and released upon activation and that platelet activation is unavoidable in any surgical procedure, we have hypothesized that platelet activation induced during organ transplantation contributes significantly to allograft rejection through the CD154 pathway (14, 19, 20) and that soluble CD154 significantly influences the efficacy of CD154-targeted therapies. We have thus explored the role of non-T cell-derived CD154 in vascularized allograft rejection to determine if it induces rejection in vivo. We found that human platelet-derived or soluble recombinant CD154 (rCD154) induces cardiac allograft rejection independent of any cell-bound source of this molecule and that platelets can initiate alloimmunity through CD154 release when activated at the time of a surgical procedure.
Results
Human CD154 is biologically active in a murine environment. We first determined whether human CD154 had biological activity in mice such that cell-bound and soluble forms of the human molecule could be clearly distinguished and independently studied in vivo. We evaluated 1-way mixed lymphocyte reactions (MLRs) using WT C57BL/6 or CD154-KO (B6.129S2-Tnfsf5) splenocytes as responders and fully MHC-mismatched BALB/c splenocytes as stimulators in the presence or absence of human rCD154 trimers. As expected, CD154-KO splenocytes had attenuated proliferative responses to BALB/c splenocytes compared with WT splenocytes, and CD154 blockade with a murine CD154-specific mAb, MR-1, inhibited proliferation of WT splenocytes (data not shown). The addition of human rCD154 trimers induced dose-dependent proliferation of CD154-KO splenocytes but only when concomitantly stimulated by BALB/c splenocytes (data not shown). This proliferative response was not inhibited by MR-1, which is only specific for murine CD154, but was inhibited by the human-specific mAb 5c8 ( Figure 1 ). Isotype control antibodies for both MR-1 and 5c8 did not block lymphocyte proliferation, and the human rCD154 trimers, when incubated with CD154-KO murine splenocytes without allogeneic antigens, induced minimal lymphocyte proliferation (data not shown). CD154-KO spleens were evaluated by flow cytometry and shown to have ample numbers of CD4- and CD8-positive T cells. Thus, the attenuated response of CD154-KO splenocytes was not attributable to relative T cell deficiency in these mice.
To further define the extent to which human CD154 could influence murine responses, we evaluated human CD154 trimer interactions with murine DCs. We stimulated murine DCs, isolated from B6.129S7-Rag1 mice, with human rCD154 trimers in the presence or absence of recombinant murine IFN-γ for 24 hours. The supernatants were collected and analyzed by ELISA for murine IL-12 (p70), an indicator of DC activation. LPS was used as a positive control. Human CD154 trimers induced production of IL-12, an effect that was further augmented by the presence of murine IFN-γ (data not shown). These results indicate that soluble human CD154 trimers sufficiently cross-react with murine CD40 to initiate allogeneic cell-mediated immune responses. Thus, human soluble CD154 could be investigated independent of any cell-bound sources of CD154 in a murine system.
Since it has been shown that human CD154 can, in addition to activating APCs, also activate human ECs, we also sought to determine if human CD154 activated murine endothelium. Cultured murine EC monolayers were stimulated with human CD154 trimers at 100 μg/ml for 2, 4, and 24 hours followed by FACS analysis for CD54 and CD62E. Recombinant murine TNF-α served as a positive control. Human CD154 trimers stimulation did not lead to upregulation of CD54 beyond its basal expression (data not shown) and did not lead to CD62E expression ( Figure 2 ). Thus, human CD154 activates murine APCs but not murine ECs, and its effects are thus indicative of immune activation rather than changes in EC adhesion.
Soluble CD154 initiates vascularized allograft rejection. To evaluate the ability of soluble CD154 to initiate allograft rejection, the effects of human rCD154 trimers were tested in vivo in a well-established murine heterotopic cardiac transplant model (21) . C57BL/6 recipients (n = 10) rejected BALB/c cardiac allografts in a mean of 8.2 days ( Figure 3A ). Treatment with a single 1 mg dose of MR-1 prevented acute cardiac allograft rejection for more than 80 days (n = 10; Figure 3A ). CD154-KO recipients similarly experienced long-term cardiac allograft survival with 80% of the animals surviving for more than 100 days (n = 14; Figure 3A ). In contrast, when CD154-KO animals received a single intravenous infusion of human rCD154 trimers (500 μg) at the time of transplantation, 11 of 12 rejected their allografts on postoperative days 8 to 34 (P < 0.001 versus untreated KO animals; Figure 3A ). Additionally, this trimer-induced rejection was prevented in 5 of 5 CD154-KO recipients by treatment with the human-CD154-specific antibody 5c8 (200 μg on days -1, 0, 3, 5, and 7), initiated before trimer infusion (P = 0.002 versus trimertreated KO animals; Figure 3A ). Trimer injection into WT animals significantly decreased the time to rejection from a mean of 8.2 days to a mean of 6.8 days (n = 6; P = 0.001; Figure 3A ).
Histological evaluation of the rejected cardiac allografts showed acute cellular rejection with a typical lymphocyte infiltration and vascular endothelial cell activation both in WT untreated animals (data not shown) and in CD154-KO recipients that received rCD154 trimers ( Figure 3B ). In contrast, cardiac allografts harvested from CD154-KO recipients treated with CD154 trimers and 5c8 showed no evidence of acute rejection even 100 days after transplantation ( Figure 3C ). These observations demonstrate that a soluble form of human CD154 can initiate cardiac allograft rejection without any cell-bound source of this molecule.
Platelets can serve as the sole source of CD154 in allograft rejection. To directly test whether CD154 released in response to surgical trauma initiates allograft rejection, we obtained purified resting human platelets and verified the absence of CD154 in a resting state and their ability to express CD154 following stimulation by human thrombin or thrombin receptor activator peptide (TRAP-1) (data not shown). To evaluate the fate of human platelets in mice, human platelets were labeled with PKH-26 and then 
Figure
Human CD154 (hCD154) induces cellular proliferation in mice that is blocked by human CD154-specific but not murine CD154-specific antibodies. Shown are results from MLR using B6-CD154-KO responders (B6.129S2-Tnfsf5) versus BALB/c stimulators with or without human rCD154 trimers (50 μg/ml) and/or the human-or murine-specific CD154 mAbs. KO lymphocytes respond poorly in MLRs, and this response is greatly augmented by the addition of human CD154 trimers. This proliferation is specifically blocked by the humanspecific antibody 5c8 but not by the murine-specific antibody MR-1 or isotype controls.
adoptively transferred into CD154-KO mice via tail vein injection. Flow cytometry demonstrated that platelets were cleared from the circulation within 24 hours (data not shown). Histological evaluation of spleens collected from these mice revealed PKH-26-positive platelets located predominantly in the splenic red pulp within the first 24 hours ( Figure 4A ) that persisted for at least 14 days (data not shown). Platelets were also detected in the interstitium of the allograft 1 day after transplantation ( Figure 4A ) and to a lesser degree in the periaortic lymph nodes (data not shown).
We then adoptively transferred resting human platelets into CD154-KO recipients (n = 28) followed by cardiac allografts from BALB/c donors. Half of these recipients were also treated with the human CD154-specific mAb 5c8 (200 μg on days -1, 0, 3, 5, and 7). Ten of 14 CD154-KO recipients that received human platelets promptly rejected their cardiac allografts (P = 0.008 versus untreated KO animals; Figure 4B ), with histological findings that were indistinguishable from control rejecting animals ( Figure  4C ). Treatment with 5c8 prevented cardiac allograft rejection in all animals (P = 0.012 versus platelet-treated KO animals; Figure 4B ). At sacrifice, these animals had no histological evidence of acute rejection ( Figure 4C ), and their histology was similar to that seen in CD154-KO recipients that did not receive trimers or platelet infusions. As with trimer infusion, infusion of human platelets
Soluble rCD154 trimers induce cardiac allograft rejection in CD154-deficient mice. (A) C57BL/6 recipients accept BALB/c donor heart allografts with (n = 10) but not without (n = 10) CD154 blockade using MR-1. Similarly, CD154-KO mice accept cardiac allografts (n = 14). However, the infusion of human rCD154 trimers (500 μg) induces rejection by CD154-KO recipients (n = 12; P < 0.001 versus untreated animals). Human CD154 blockade with the anti-human CD154 antibody 5c8 restores the tolerant phenotype to animals receiving CD154 trimers (n = 5; P = 0.002 versus trimer-treated animals). Infusion of trimers into WT animals (n = 6) accelerated the rate of rejection by an average of 1.4 days (P = 0.001 versus untreated controls). (B) Cardiac allografts from CD154-KO recipients that received human rCD154 trimers show acute cellular rejection. Magnification, ×20. (C) Allografts from CD154-KO recipients treated with 5c8 followed by infusion of human rCD154 trimers show normal myocardium without rejection. Magnification, ×40.
Figure 4
CD154-deficient mice reject cardiac allografts following human platelet transfusion. This is blocked by human CD154-specific 5c8. (A) PKH-26-labeled human platelets aggregate in the splenic red pulp and are also seen in the interstitium of the transplanted heart 24 hours following intravenous infusion. Shown is an H&E-stained section and its corresponding fluorescence image for spleen and cardiac allograft tissue derived from a mouse following injection of PKH-26-stained platelets. (B) CD154-KO recipients (n = 28) received human platelet transfusions followed by cardiac allografts; half were treated with 5c8. Animals that received platelets rejected (P = 0.008 versus nontransfused animals), but those pretreated with 5c8 did not (P = 0.012 versus untreated platelet-transfused animals). Infusion of platelets into WT animals (n = 5) accelerated the rate of rejection by 0.8 days (P = 0.057). Control groups C57BL/6, C57BL/6 + MR-1, and CD154KO represent the same animals described in the Figure 3 legend and are displayed in this graph for comparative purposes. (C) Cardiac allograft rejection in CD154-KO recipients that received human platelet transfusions. Magnification, ×20. (D) Allografts harvested from CD154-KO recipients treated with anti-CD154 5c8 followed by infusion of human platelets are protected from rejection and are histologically similar to cardiac allografts collected from untreated CD154-KO recipients that do not reject (not shown). Magnification, ×20.
into WT recipients modestly accelerated the pace of acute rejection to a mean of 7.4 days (n = 5; P = 0.057; Figure 4B ).
To determine the role of surgical trauma in activating platelets, CD154-KO animals (n = 14) were given cardiac allografts. The animals were allowed to heal for 30 days, at which time platelets were adoptively transferred (n = 5) or CD154 trimers were infused (n = 5). Mice (n = 4) without platelet or trimer infusion were also studied 1 month after transplant for baseline histological evaluation. Unlike those animals that received platelet transfusions at the time of surgery, animals receiving platelet infusions 30 days after transplantation maintained stable allograft function ( Figure  5A ). These animals were sacrificed at days 30 and 60 after platelet infusion, and histological evaluation showed no evidence of rejection (data not shown). In contrast, 4 of 5 mice receiving CD154 trimer infusions 1 month after cardiac transplantation rejected their allografts within 8 to 12 days (P = 0.008 versus untreated animals; Figure 5 , A and B). The control mice without human platelet or CD154 trimer infusion were euthanized at posttransplant day 30 and did not have rejection ( Figure 5C ). Thus, soluble CD154 can induce rejection late after transplantation, but platelets are unable to provide sufficient CD154 in the absence of a concomitant activating event such as surgery or reperfusion.
Discussion
Our data demonstrate for the first time, to our knowledge, that human soluble CD154 is capable of inducing a pathological immune response in vivo, specifically allograft rejection, independent of any cell-bound source of this critical costimulatory molecule. Furthermore, we have shown that human platelets activated in vivo at the time of transplantation induce rejection through CD154. Given the inseparable relationship between surgical trauma and organ transplantation, these findings highlight a novel and potentially important mechanism for alloimmune response initiation and suggest a more general relationship between CD154 and other detrimental posttraumatic immune responses. These findings are relevant to the transition of CD154-based therapies into clinical practice and suggest new therapeutic avenues for their application.
CD40 has been firmly established as a critical molecule mediating professional (e.g., monocyte, DC) and opportunistic (e.g., EC) APC function (22) (23) (24) (25) (26) . The ability of platelet-derived CD154 to mediate these events as well as effector antibody and T cell maturation has become more recently apparent (10, (12) (13) (14) . The current study underscores the importance of this pathway in a clinically relevant pathological immune response, organ rejection, and highlights the considerable potential for platelets to participate in other posttraumatic immune responses, both protective and detrimental. Although the controlled circumstance of an elective surgical procedure is not typically viewed as traumatic, CD154 provides a mechanism for immune activation to be stirred proportional to the injury sustained. Indeed, platelet/monocyte complexes have recently been shown to form following elective surgical procedures (27) , and there is a known association between worsening ischemic insult and increased rejection rate (28) . The accelerated rejection seen when trimers or platelets were added to WT grafts in this study demonstrates that soluble CD154 can be immunostimulatory even in the WT setting and augment immunity in a manner proportionate to its release. Thus, while it is clear that immune responses such as allograft rejection are not solely predicated on trauma (29) , the concept of injury as a driving force behind augmented immunity is easily reconciled with the present findings.
The findings from these studies do not negate the importance of cell-bound CD154 in mediating immune responses. Clearly, CD154 expression on activated T cells influences immune responsiveness through its effects on APCs and also perhaps through direct effects on the T cell itself (30, 31) . However, they do add considerably to the magnitude of immune induction possible under certain circumstances. Although CD154 is an inducible molecule on the cell surface, the magnitude of its induction through T cell activation is fixed by the potential number of responding antigen-specific T cells and the rate and degree to which these cells are activated after antigen presentation. Soluble CD154 derived from platelets potentially provides a considerable amount of this ligand independent of and prior to antigen presentation and cell activation. Thus, acquired immunity can be initiated and driven in response to clinical situations such as vascular injury or other traumatic conditions. It remains unclear if there is a dominant anatomical site in which soluble CD154 mediates its effects. Clearly, the spleen showed the highest concentration of infused platelets in our model, although platelets were also detected in the allograft and to a lesser degree in periaortic lymph nodes. The distribution of trimers is presumably similar to other large macromolecules and is likely broader. The spleen is a known site for alloimmune activation following primarily vascularized transplantation (32) , and the effects seen in our study could be explained by augmented antigen presentation in the spleen. However, platelets are intravascularly ubiquitous, and cogent arguments can be made for local CD154 in the graft-stimulating passenger donor APCs and migratory monocytes. Since primarily vascularized allografts have disrupted lymphatic drainage, it is difficult to determine the role of a true draining lymph-node bed for most organ grafts, although activated platelets could have a role in nodal tissue as well. We favor a primary role for the spleen during systemic activation as would be expected following a major surgical procedure and are investigating the local and systemic effects of activated platelets.
Based on these data, it is evident that for CD154 blockade to effectively prevent an immune response in a traumatic condition, it must address a potentially large reservoir of platelet-derived CD154. Indeed, in dose-range studies, exceptionally large doses of mAb have been necessary to prevent rejection in nonhuman primates (8) . Given the substantial concern regarding thromboembolic complications arising from the initial clinical trials with anti-CD154 (9, 13, 33) , the effects of CD154 cross-linking on platelets will need to be cautiously examined. It may be more feasible to target CD40, a molecule with more limited distribution. Regardless, this non-T cell component must be considered in the design of antirejection therapies and should be scrutinized in other posttraumatic immune responses.
Methods
Mice. We purchased 6- to 8- Cellular assays. Splenocytes were isolated and MLRs were performed using 2 × 10 5 responders and mitomycin C-treated stimulators at 3 different ratios to responders or 2 × 10 5 stimulators. MLRs were carried out for 5 days and pulsed with 3 H-thymidine at 1 μCi/well during the final 24-hour culture. The lymphocyte proliferation was determined as cpm by 3 H-thymidine incorporation, using a β-liquid scintillation counter. The anti-human CD154 mAb 5c8 was used at 100 μg/ml for human CD154 blockade. The anti-murine CD154 mAb MR-1 was used at 100 μg/ml for murine CD154 blockade. Isotype control antibodies were hamster IgG (CALTAG Laboratories) and mouse IgG1 (Ancell Corp.).
To evaluate DC activation, murine bone marrow was harvested from the B6.129S7-Rag1 mouse (femur, tibia, and humerus) by flushing the marrow with RPMI-1640 medium, using a 6-ml syringe and 26G needle. Cells were washed after lysing red blood cells and incubated with culture medium containing 10% FCS, 10 ng/ml murine granulocyte/macrophage colony stimulating factor, and 10 ng/ml IL-4 (PeproTech) for 4 days. Nonadherent cells were collected and verified as DCs by positive staining for CD83, CD86, and HLA-DR (> 90%). DCs (5 × 10 4 ) were added into 96-well flatbottom plates in the presence or absence of human rCD154 trimers (50 μg/ml; R&D Systems) or in combination with recombinant murine IFN-γ (2 ng/ml; PeproTech). Supernatants were collected after 24-hour stimulation and analyzed by ELISA to detect IL-12 production. DCs stimulated by LPS (60 ng/ml; Sigma-Aldrich) or without stimulation were used as positive and negative controls, respectively. The mouse IL-12 (p70) ELISA kit was obtained from BD Biosciences. An ELISA was performed according to the manufacturer's instructions. The absorbance of each well was measured at 450 nm within 30 minutes of stopping reaction.
To evaluate direct effects of human CD154 trimers on murine ECs, the BALB/c bEnd.3 EC cell line was obtained from ATCC and maintained with Dulbecco's modified Eagle's medium (Invitrogen Corp.) supplemented with 10% FCS. For positive control activation, ECs were treated with TNF-α, and activation was verified by upregulation of CD54 and CD62E as determined by FACS using a FACScan (BD). Murine EC monolayers were stimulated with human CD154 trimers at 100 μg/ml at different time points followed by staining with mAbs directed to either CD62E or CD54 on ice for 30 minutes. Cells were washed twice with FACS buffer followed by incubation with PBS (Invitrogen Corp.) containing 20 mM HEPES (BioWhittaker Inc.), pH 7.4, 10 mM EDTA, and 0.5% BSA (SigmaAldrich) at 4°C for 20 minutes and then at 37°C for 20 minutes. Detached ECs were analyzed by FACScan.
Platelet preparation and stimulation. Volunteers were enrolled in an NIH Institutional Review Board-approved tissue acquisition protocol and donated after informed consent was obtained. Purified human platelets were obtained from leukapheresis products from normal volunteers from the Department of Transfusion Medicine, NIH. Platelets were washed twice with Ca2/Mg2-free PBS containing 100 nM PGE-1 (Sigma-Aldrich) and 1.9 mM theophylline by centrifugation. Cells were diluted with PBS to 500 × 10 6 /ml and incubated with 100 U/ml thrombin receptor activator peptide (TRAP) at room temperature for 10 minutes. Both resting and activated platelets were then stained with mouse IgG1-PE, anti-CD41a-PE, anti-CD62P-PE, and anti-CD154-PE mAbs at 4°C for 30 minutes followed by flow cytometric analysis.
To detect the presence of human platelets in CD154-KO mice following adoptive transfer, human platelets were labeled with PKH-26, a fluorescent compound that incorporates aliphatic reporter molecules into the cell membrane by selective partitioning, according to the protocol suggested by the manufacturer (Sigma-Aldrich). PKH-26-labeled platelets were evaluated by flow cytometric analysis before transfusion, and peripheral blood was evaluated up to 24 hours after infusion. Spleens, periaortic lymph nodes, and allografts were evaluated histologically 1 day after injection using H&E stains for general architecture and fluorescence microscopy to detect PKH-26-stained platelets. The spleens from nontransplanted animals were also evaluated at 4, 8, and 14 days after injection.
Cardiac transplants and treatments. Transplants were performed heterotopically with vascularized BALB/c cardiac allografts as described using standard microvascular techniques (21) . Cardiac allografts were monitored by daily palpation and removed for histological evaluation after cessation of allograft contractility. Human CD154 trimers were injected intravenously via tail vein before cardiac allografts. On days -1, 0, 3, 5, and 7, 200 μg 5c8 or MR-1 was injected i.p. Graft survival times were compared between groups using 2-tailed unpaired Student's t tests with P < 0.05 considered as statistically significant.
